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1 Introduction
After several years of thoughtful investigation, the generic idea of the Higgs boson be-
ing composite at the TeV scale, addressing the Naturalness Problem associated with its
mass, converged to a rather specic framework, with rather specic assumptions, which we
denote as \Composite Higgs" (CH) scenario. These assumptions, extensively reviewed in
refs. [1, 2],1 include the fact that the Higgs is a pseudo-Nambu-Goldstone boson (pNGB) [4{
10] (possibly but not necessarily associated with the minimal symmetry breaking pattern
SO(5)! SO(4) [11], which we will assume here) and the generation of fermion masses
through the mechanism of partial compositeness [12].2 It is this latter hypothesis that
makes composite partners of the SM fermions appear in the theory, and in particular the
top partners that are the subject of the present study. Actually, partial compositeness can
be argued to be strictly needed in the top quark sector only, while alternative mechanisms
based on bilinear fermion couplings to the composite sector (as opposite to the linear cou-
plings in partial compositeness) can be considered for the generation of the light quarks
and leptons masses [13, 14]. The analysis of the present paper is largely insensitive to the
structure of light quarks and lepton couplings because in most scenarios these couplings
are too weak to contribute to the top partner's collider phenomenology. Notable excep-
tions are avor-symmetric U(3)3 models [15] and (to lesser extent) the constructions based
1See ref. [3] and references therein for an overview of alternative constructions with a composite Higgs.
2It is unclear at the current stage whether or not and how easily these assumptions can be realized in a
UV completion of the model in terms of elementary constituents.
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on U(2)3 avor group [16, 17], which predict additional sizable signals to be investigated
separately [18{23].
The existence of the top partners, i.e. colored fermionic resonances with TeV-sized
mass coupled to top and bottom quarks, is an unavoidable universal prediction of partial
compositeness in the top sector. The Electro-Weak (EW) quantum numbers of the top part-
ners, their (single) production rate and their decay modes, thus in turn their experimental
signatures, are instead model-dependent. Because of this, setting up a comprehensive top
partner search program at the LHC and drawing its theoretical implications on the CH sce-
nario results in a non-trivial task. Several aspects of this problem have been addressed and
substantially solved in the literature. In particular, some of the most generic production
and decay channels of the top partners were identied and studied already in refs. [24{27]
and the analysis was completed and systematized in ref. [28].3 More exotic possibilities,
also including the possible interplay with other resonances of the composite sector, have
been considered in refs. [37{43]. As a result of this work, a number of nal states and
signal topologies have been identied where to search for top partners at the LHC.
The second aspect of the top partner phenomenology that has been largely addressed
in the literature concerns the complete experimental exploration of the possible top partner
signals and the presentation of the search results in a meaningful and useful way. When
restricting to the QCD pair-production mode, a valid strategy is the one adopted by ATLAS
and CMS in the 8 TeV analyses, which provide combined mass limits as a function of the
top partners branching ratios in the allowed SM decay channels. Alternative strategies will
have to be adopted to deal with single-production in the 13 TeV analyses. Several proposals
have been made, ranging from the usage of explicit models [31] to the implementation of
an automatic recasting tool [44, 45]. The strategy we proposed in ref. [46], which we
will employ in the present paper, consists in reporting the result of each search in the
appropriate mass-coupling plane of a phenomenological Lagrangian, suited for being easily
interpreted in more complete explicit models.
The third aspect of the problem, on which we aim to make progresses here, is how
to draw the theoretical implication on the CH scenario of all this (past and future) work.
Namely we would like to quantify what current top partner exclusions are telling us on
the CH idea and what would come from future exclusions or, more optimistically, from
future discoveries. In view of the above-mentioned model-dependence, explicit benchmark
models are needed for this purpose (and for this purpose only). Those benchmarks have to
be judiciously chosen to be representative of a wide class of theoretical possibilities. The
logic by which we perform this choice is explained below.
3Top partners have some similarities with the so-called \Vector-Like Quarks" (VLQ) [26, 29{31], but
also radical dierences. VLQ's are described by renormalizable Lagrangians and couple to quarks through
mass-mixings induced by Yukawa couplings. Top partners possess non-renormalizable interactions that are
dictated by the pNGB nature of the Higgs and have important implications on their mass spectrum and on
their couplings. The reduction of the charge-5=3 VLQ single production rate, which is instead considerable
for the top partners, is one example of these dierences which we will discuss in section 2.1. Also related, but
dierent, are the \top partners" encountered in Little Higgs theories [32{35], whose origin, nature and prop-
erties are dictated by the additional Higgs mass protection mechanism [36] that is present in those theories.
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Top partners are important in CH because they are connected with the generation
of the Higgs potential and thus in turn with the physical Higgs boson mass and with the
EW Symmetry Breaking (EWSB) scale v ' 246 GeV. This can be seen to imply that in
basically all CH models (interesting exceptions are discussed in the Conclusions) the top
partners have to be rather light for the Higgs being as light as observed (mH ' 125 GeV)
and the theory being \Natural". Namely, the top partners mass is related with the level
of ne-tuning  in the theory, which is the essential parameter to be kept under control
in those models, like CH, whose raison d'e^tre is addressing the Naturalness Problem. The
relation reads   (MPartner=450 GeV)2. While this lower bound on  holds in general, the
actual form of the mass/tuning connection and how it is inuenced by the other parameters
depends on how the partial compositeness hypothesis is implemented in the theory and the
Higgs potential emerges [47, 48]. The two classes of models that we will consider, which
we dub \minimal tuning" and \double tuning" scenarios using the terminology of ref. [48],
correspond to the two known types of implementations.4
The structural dierences between the two scenarios and the benchmark models they
lead us to will be described in the following sections. Here we instead outline their common
features and specify our denition of ne-tuning, which we obviously take to be the same
in the two cases for a fair comparison. In both our scenarios, the Higgs potential takes the
form [2]
V [H] =  f2 sin2 jHj
f
+ f2 sin4
jHj
f
; (1.1)
where f is the Higgs decay constant, i.e. the order parameter for the breaking of
SO(5)! SO(4), and  and  are model-dependent radiatively generated coecients. In
order to obtain the correct Higgs mass and EWSB scale,  and  need to assume the values
 = needed =
m2H
4(1  ) ;  = needed =
needed
2
; (1.2)
where  = v2=f2 is the famous CH parameter that controls all the departures from the SM.
In particular,  controls the modications of the Higgs boson couplings and it is bounded
to  . 0:1 at 95% CL by Higgs coupling measurements [49].
The needed values of  and  in eq. (1.2) should be compared with the expected
\Natural" size of these parameters: expected and expected. If they are much smaller,
engineering them requires large cancellations of order
 =
expected
needed
;  =
expected
needed
: (1.3)
The minimal and double tuning scenarios produce dierent estimates of the expected 
and  and thus in turn dierent estimates for  and  . Actually, a universal formula
that holds in the two cases can be written for expected and thus in turn for . It is
expected =
3
162
2tM
2
	 ; )  '
3
42
2t
M2	
m2H
' 2t

M	
450 GeV
2
; (1.4)
4In spite of the names, double tuning models are not generically more ne tuned than the minimal
tuning ones, at least with the denition of ne-tuning given below. The name refers to the amount of
tuning needed to adjust the EWSB scale.
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where t is a parameter that sets the strength of the top quark interaction with the com-
posite sector and controls, among other things, the generation of the top mass. The size of
t is related with the top Yukawa, yt, but the relation is dierent in the minimal and double
tuning scenarios leading, as we will see, to dierent ne-tuning estimates in the two cases.
In both cases, instead, M	 is the typical top partners mass scale (not necessarily the mass
of the lightest top partner resonance). It sets the energy scale of , i.e. the one of the Higgs
mass-term, because it corresponds to the scale where the Higgs potential is generated or,
poorly speaking, the one at which the top loop quadratic divergence is canceled. Clearly,
M	 is bounded from below by the mass of the lightest top partner state. Furthermore, it
turns out that t cannot be smaller than the top Yukawa yt ' 1 if we want to generate the
correct top mass. Therefore t  yt ' 1 in all scenarios. These lower bounds produce the
above-mentioned universal relation between the top partner mass and the minimal allowed
level of tuning. The actual tuning, which we will estimate by applying eq. (1.4) with the
value of t which is appropriate in each model, can be larger and thus the mass/tuning
connection can be stronger.
The second parameter in the potential, , originates in a radically dierent way in the
minimal and double tuning cases so that its expected size can no be cast in a universal
formula. However this is not a problem because the cancellation of , which is required in
some regions of the parameter space, needs not to be taken into account in the denition of
the total level of ne-tuning . More precisely, it needs not to be taken into account if the
tuning is dened, following the philosophy of ref. [50], as the maximal amount of cancella-
tion taking place in the theory.5 This is because  is systematically larger than  , a fact
that can be easily established by observing that expected is either larger than expected (in
the double tuning case), or comparable (minimal tuning) [48]. Therefore, using eq. (1.2)
 =
expected
expected
expected
needed
= 2 
expected
expected
 < : (1.5)
The total tuning is provided by the largest cancellation, thus we set  = .
The rest of the paper is organized as follows. In section 2 and 3 the minimal and
double tuning scenarios are discussed separately and the corresponding benchmark models
are dened and analyzed. The impact of current top partners exclusions and the projections
for the 13 TeV run are quantied for each benchmark. Combined with the tuning estimate
from eq. (1.4), this allows us to estimate how much the Natural parameter space region of
the CH scenario has been excluded by the 8 TeV run and how much of it will be tested by the
forthcoming one. Limits are obtained by the procedure of ref. [46], whose implementation
is described in some detail in appendix A. In the appendix we also present a reassessment
of the current and future experimental situation in view of recent studies on top partners
collider searches. Finally, we present our Conclusions on what the LHC could tell us about
the CH idea and on new model-building directions it could push us towards.
5Alternative denitions might require, for instance, to multiply  with  .
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2 Minimal tuning: 14 + 1
As a rst class of models we consider the ones that represent the \minimal tuning" case. A
set-up realizing this type of theories is obtained by assuming that the SU(2)L doublet qL =
(tL; bL), following the partial compositeness assumption, is linearly mixed with composite
operators transforming in the 14 representation of SO(5). The right-handed tR component,
on the other hand, can be either mixed with composite operators that are singlets under
SO(5), or realized as a composite chiral singlet originating directly from the strongly-
coupled dynamics. This set-up is usually denoted as the 14 + 1 scenario [28, 48]. The
amount of tuning is minimized if the tR eld is a fully composite state or an elementary
state with a large, nearly maximal coupling with the composite dynamics. In both cases the
phenomenology of the model is quite similar, the only dierence being a minor modication
in the estimates for the coecients in the eective Lagrangian. For deniteness in the
following we will concentrate on the scenario with a fully composite tR and we will only
briey comment on the dierences that arise in the partially composite case.
From the decomposition of the 14 representation under SO(4), namely
14 = 9 4 1 ; (2.1)
we infer that the top partners in the 14 + 1 scenario must ll nineplet, fourplet or singlet
representations of the unbroken SO(4) subgroup. For our purposes it is convenient to
consider only the lightest composite partners, which are the ones that most directly aect
the collider phenomenology and are most easily accessible in direct searches. We will thus
focus on simplied scenarios in which only one SO(4) multiplet of fermionic partners is
light, while the others are heavy enough so that their contributions can be safely neglected.6
The set-up with a light 9-plet has been thoroughly analyzed in ref. [38], where a bound
m9  990 GeV has been derived on the mass of the multiplet by using the 8 TeV LHC
data. In the 14 TeV LHC run the bound is expected to reach m9 & 1:9 TeV for an
integrated luminosity L ' 100 fb 1. In the following we will thus focus only on the
scenarios characterized by a light 4-plet or a light singlet.
2.1 Light fourplet
The most general leading-order eective action for a light fourplet  4 can be easily written
by using the CCWZ framework [51, 52]
L = i qL =DqL + i tR =DtR + i 4( =D   i=e) 4  m4 4 4
+

 i ct i4RditR +
yLt
2
f(U tq14L U)55tR + yL4f(U
tq14L U)i5 
i
4 + h:c:

: (2.2)
For an in-depth explanation of the formalism and for the detailed denitions of the notation
we refer the reader to ref. [2].7 Here we only include a brief denition of the main objects.
6Notice that this assumption is not particularly restrictive. Given the steep fall of the parton distribution
functions, mass dierences of a few hundred GeV between the heavier states and the lightest partners are al-
ready enough to ensure that the collider phenomenology is completely dominated by the lightest resonances.
7Our notation can be easily matched with the one of ref. [28], namely yLt  y, yL4  y c2 and ct  c1.
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The embedding of the qL doublet into the representation 14 is denoted by q
14
L and its
explicit form is
q14L =
1p
2
0BBBBB@
0 0 0 0  i bL
0 0 0 0  bL
0 0 0 0  i tL
0 0 0 0 tL
 i bL  bL  i tL tL 0
1CCCCCA : (2.3)
The four Goldstone components, which are identied with the Higgs multiplet i, in the
real fourplet notation, are described by the matrix
U  exp
"
i
p
2
f
i bT i# ; (2.4)
where bT i (i = 1; : : : ; 4) are the generators of the SO(5)=SO(4) coset and f is the Goldstone
decay constant. On the rst line of eq. (2.2), D denotes the standard covariant derivative
containing the SM elementary gauge elds. Finally the d and e objects denote the CCWZ
operators, which can be dened in terms of the Maurer-Cartan form constructed from U ,
namely
U t[A + i@]U  di bT i + eaT a ; (2.5)
where T a (a = 1; : : : ; 6) denote the SO(4) generators. In eq. (2.5) A corresponds to the
SM gauge elds rewritten in an SO(5) notation
A =
gp
2
W+ (T
1
L + iT
2
L) +
gp
2
W  (T
1
L   iT 2L) + g(cwZ + swA)T 3L + g0(cwA   swZ)T 3R :
(2.6)
where g and g0 are the couplings of the SU(2)L and U(1)Y subgroups and cw, sw are the
cosine and sine of the weak mixing angle, tan w = g
0=g.
To complete the description of the eective parametrization it is useful to discuss the
power-counting associated to the parameters in the Lagrangian [2, 53]. Since we focused on
the scenario in which the tR eld is fully composite, the d-symbol interaction fully arises
from the composite dynamics, the corresponding coecient ct is thus expected to be of order
one. The other operators on the second line of eq. (2.2), on the other hand, involve an
elementary and a composite eld, thus their size is not dictated by the composite dynamics
but it depends on the elementary/composite interaction strength in the UV theory. In the
following we will assume that all the interactions of the qL doublet with the composite
sector originate from a single dominant operator in the UV, thus implying yLt  yL4. The
size of yLt is then xed by the requirement of reproducing the correct top mass. Let us
now briey discuss how the above estimates are modied if we assume that the tR is not
a fully composite state, but instead is associated to an elementary eld. In this case the
d-symbol interaction does not fully arise from the composite sector, thus it is expected
to be weighted by an elementary/composite mixing yR. Its coecient can be estimated as
ctyR=g, where g denotes the typical composite sector coupling. Analogously the operator
involving the tR and qL elds has now a natural coecient yLtyR=g. As expected, in the
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limit of large elementary/composite mixing yR  g, the modied estimates give back the
results for a fully composite tR.
We can now describe the features of the spectrum of the fermionic states. The top mass
is mainly determined by the direct mass term in the eective Lagrangian and is controlled
by the parameter yLt. Neglecting higher-order terms in the v=f expansion, we nd the
following expression
m2top =
1
2
m24
m24 + y
2
L4f
2
y2Ltf
2 : (2.7)
Notice that the EWSB scale v  246 GeV (as set by the W mass formula or by the Fermi
constant) does not coincide with the Higgs eld VEV, but is related to the latter by
v2 = f2(sin h4i=f)2 = f2 : (2.8)
In addition to the top, the spectrum contains 4 composite fermionic resonances coming
from the  4 multiplet. It is convenient to decompose  4 in elds with denite quantum
numbers under the SM group:
 4 =
1p
2
0BBB@
 iB + iX5=3
 B  X5=3
 i T^   i X^2=3
T^   X^2=3
1CCCA : (2.9)
The four components correspond to two SU(2)L doublets, (T^ ; B) and (X5=3; X^2=3), with
hypercharges 1=6 and 7=6 respectively. The rst doublet has the same quantum numbers
of the elementary qL doublet, while the second one contains an exotic state, the X5=3 with
electric charge 5=3 and a top-like state, the X^2=3 with charge 2=3. It can be easily checked
that one combination of the T^ and X^2=3 states, which we will denote by X2=3, has no mass
mixing with the other elds, thus its mass is just given by mX2=3 = m4. This state is
degenerate in mass with the X5=3 resonance, whose exotic charge prevents any mixing with
the other fermionic states. The remaining charge-2=3 resonance, which we will denote by
T , is mixed with the tL eld and receives an additional mass shift after EWSB. Its mass,
up to corrections of higher-order in v=f , is given by
mT '
q
m24 + y
2
L4f
2

1  5y
2
L4f
2
4m24
 +   

; (2.10)
where inside the square brackets we only kept the leading order terms in an expansion in
the elementary/composite mixings.8
The fermionc spectrum is completed by a charge  1=3 eld, the B, which is mixed
with the bL component and whose mass reads
mB =
q
m24 + y
2
L4f
2(1  ) '
q
m24 + y
2
L4f
2

1  y
2
L4f
2
2(m24 + y
2
L4f
2)
 +   

: (2.11)
8The identication of the heavy mass eigenstates with composite resonance elds is only valid as long
as the elementary/composite mass-mixings are much smaller than the mass parameters in the composite
sector. Otherwise the eigenstates develop a signicant component along the elementary degrees of freedom
and/or the tR.
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∆m2 ∼ y2L4v2
∆m2 = 0
∆m2 ∼ y2L4f 2
B
T
X2/3
X5/3
t
Figure 1. Typical mass spectrum of the fourplet states in the 14 + 1 model.
Together with the T resonance, the B eld forms a nearly degenerate doublet. The overall
structure of the spectrum of the quadruplet elds is shown in gure 1.
Notice that in the eective Lagrangian we did not include a right-handed bottom
component, therefore the bL remains in the spectrum as a massless eld. This choice is
motivated by the fact that the mixing of the bR quark to the composite dynamics is typically
much smaller than the one of the top, due to the smaller value of the bottom mass. For
this reason the bR eld has only a marginal impact on the collider phenomenology. We will
adopt the same simplication also in the other models analyzed in the following sections.
We can now discuss the impact of the experimental searches on the parameter space
of this benchmark model. For this aim we follow the procedure of ref. [46], which we will
briey summarize in appendix A. The model has a total of three free parameters, given
that one of the parameters in the Lagrangian has to be xed in oder to the reproduce the
correct top quark mass. We decided to x yLt because it is the one to which the top mass
shows the largest sensitivity and we are left with the three free quantities m4, yL4 and ct.
9
In gure 2, we plot the exclusion bounds obtained from the run 1 LHC data. The
results are presented in the planes (mX5=3 = m4; ct) and (mX5=3 = m4; yL4). For illustrative
purposes we xed the Goldstone decay constant f to the value f = 780 GeV, which
corresponds to  = 0:1. This value coincide with the present exclusion bound coming
from the Higgs coupling measurements [49], and is also suggested by the compatibility
with the EW precision data [54]. Limit projections at 13 TeV, obtained by the rough
extrapolation procedure outlined in ref. [46] and in appendix A, are displayed in gure 3 in
the (mX5=3 = m4; ct) plane. The integrated luminosity is xed to 20 fb
 1 on the left panel
and three curves are shown at dierent values of yL4, while on the right panel yL4 = 1 and
the integrated luminosity ranges from 100 fb 1 to 3 ab 1.
The impact of the two parameters ct and yL4 on the bounds is quite easy to understand.
At leading order, the relevant X5=3 coupling is independent of yL4 and just scales linearly
9The value of yLt that reproduces the top mass depends very mildly on the other parameters and in
a large part of the parameter space almost coincides with the top Yukawa yLt ' ytop. For our numerical
analysis we x the top mass to the running value m
(2 TeV)
top = 150 GeV, which corresponds to a pole mass
mtop = 173 GeV.
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with ct and with v=f ,
gX5=3tR =
g
2
c
X5=3W
R =
gp
2
ct
v
f
: (2.12)
In the above formula the c
X5=3W
R parametrization is included to make contact with ref. [46],
whose procedure and results we used to derive the bounds in the present analysis. As can
be seen from eq. (2.12), a larger value of ct enhances the single production channel and
tightens the bounds. The yL4 parameter, instead, has an indirect eect on the exclusions
since it determines the mass split between the B resonance and the X5=3, m
2  y2L4f2.
At small values of yL4 the two states are nearly degenerate and, since they contribute to
the same nal state, the signal is enhanced. At large values of yL4 the B gets much heavier
and its contribution to the signal becomes negligible. In this situation the bounds are only
driven by the X5=3 signal.
Let us now turn to the estimate of the level of ne-tuning of the model. We apply
eq. (1.4), in which \t" should be interpreted as the strength of the elementary/composite
top sector couplings that break the Goldstone symmetry and thus generate the Higgs
potential. The parameters that break the Goldstone symmetry in our model are yLt and
yL4, therefore the tuning estimate reads
 ' (y2L4 + y2Lt)
 m4
450 GeV
2
: (2.13)
Notice that  is independent of the value of ct, since this coupling parametrizes a purely
composite-sector operator that is invariant under the Goldstone symmetry and does not
contribute to the Higgs potential. Contour lines of  obtained with the above formula are
reported in the right panels of gure 2 (exploiting the fact that  is independent of ct)
and of gure 3. On the left panels, instead, the  contours are not shown but the level
of tuning at the boundaries of the excluded regions can be easily estimated through yL4,
which is xed on the lines, thanks to the fact that yLt is constant and approximately equal
to yt in the whole region.
As can be seen from gure 2, the run 1 LHC searches completely exclude partner masses
m4 . 800 GeV. The exclusions can reach m4 ' 1 TeV for sizable values of ct (namely
jctj & 3). These bounds are yet not able to exclude the natural regions of the parameter
space, indeed many congurations with a minimal amount of tuning   10 are still viable.
The run 2 data will be able to probe a signicantly larger part of the parameter space.
Already with the rst L = 20 fb 1 of integrated luminosity, masses m4 . 1:2 TeV will be
completely covered. From the point of view of the ne-tuning, however, regions with low
tuning,   1=  10, will still be open. A signicant improvement will be obtained at the
end of the LHC program, which will allow to fully exclude resonance masses m4 . 1:8 TeV
corresponding to a few % tuning (  30).
Before concluding the discussion it is also interesting to notice that the width of the
composite resonances is small in the whole parameter space region accessible by the current
searches. This will not be the case any more for the run 2 LHC. In that case, in the
regions with m4 & 2 TeV and sizable single-production couplings, the width of the X5=3
resonance can become signicant (see the dotted gray lines in gure 3) and the narrow
width approximation could not be valid any more, requiring a dierent search strategy.
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Figure 2. Exclusions in the 14 + 1 model with a light composite fourplet for the 8 TeV LHC
data. On the left panel: exclusions in the (mX5=3 ; ct) plane for  = 0:1. The green region shows
the excluded points for yL4 = 1, while the dot-dashed and dashed lines correspond to yL4 = 3 and
yL4 = 0:3 respectively. The approximate amount of tuning  associated to each value of yL4 for
mX5=3  1 TeV is given in the legend. On the right panel: exclusions in the (mX5=3 ; yL4) plane.
The blue (green) region shows the excluded points for ct = 0 (ct = 2) for  = 0:1. The dashed lines
show the amount of tuning  computed by using eq. (2.13).
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Figure 3. Expected exclusions in the 14 + 1 model with a light composite fourplet for the 13 TeV
LHC data in the (mX5=3 ; ct) plane for  = 0:1. On the left panel: exclusions for L = 20 fb 1
integrated luminosity. The green region shows the excluded points for yL4 = 1, while the dot-
dashed and dashed contours correspond to yL4 = 0:3 and yL4 = 3. The dotted contours denote
the regions in which  (X5=3)=mx5=3  0:3. On the right panel: exclusions at the 13 TeV LHC for
yL4 = 1 with high integrated luminosity (L = 100; 300; 3000 fb 1). The vertical dashed lines show
the amount of tuning . The dotted contours denote the regions with  (X5=3)=mx5=3  0:3; 0:5; 1.
Comparison with VLQ. To conclude the discussion it is important to stress a dierence
between the composite Higgs top partners and the VLQ's [26, 29{31]. As we saw before,
the top partners couplings with the SM fermions receives signicant, typically dominant,
contributions from higher-order operators and in particular from the d-symbol term in
eq. (2.5). VLQ's are instead described by a renormalizable eective Lagrangian and their
couplings to the SM states only originate from the usual gauge interactions after the ro-
tation to the mass-eigenstate basis. This makes that the strength of the top partners
coupling, and in turn of the single production rate, is expected to be smaller for a VLQ
than for a top partner, as we will show below.
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For deniteness we consider a scenario with only an exotic SU(2)L doublet with hyper-
charge Y = 7=6, which we denote by 	7=6 = (X5=3; X2=3). The results we will derive are
however valid in a generic set-up. The eective Lagrangian describing this scenario is [26]
LV LQ = i qL =DqL + i tR =DtR + i	7=6 =D	7=6  M7=6	7=6	7=6
 ytqLHctR   y7=6	7=6HtR + h:c: ; (2.14)
where Hc = i2H is the conjugate Higgs doublet. The y7=6 parameter controls the mixing
between the SM quarks and the resonances 	7=6. In particular it induces a mixing between
the tR eld and the X2=3R component, whose size is controlled by the mixing angle VLQ
tanVLQ =
y7=6vp
2M7=6
: (2.15)
At the same time the y7=6 parameter controls the single production coupling of the X5=3
resonance. At leading order in the y7=6=M expansion, the WX5=3tR coupling in the unitary
gauge reads
gVLQX5=3tR =
g
2
c
X5=3W
R =
g
2
p
2 sinVLQ : (2.16)
We can thus see that the WX5=3tR coupling has an absolute upper bound in the VLQ
scenarios (c
X5=3W
R 
p
2) and is tightly connected to the mixing between the SM states and
the additional resonances.
The situation can be instead dierent in the composite Higgs models. In the case
of the exotic X5=3 resonance in the 14 + 1 model, the leading contribution to the single
production coupling (see eq. (2.12)) comes from the d symbol term in eq. (2.2), which is
a derivative interaction. The ct coecient can thus be sizable without generating a large
mass mixing between the tR and the composite resonances.
A comparison between the X5=3 production cross sections in the 14 + 1 model and in
the VLQ scenario is shown in gure 4. For the VLQ case, following ref. [26], we xed the
tR mixing angle to the value sin VLQ = 0:1. For the composite Higgs case, instead, we
varied ct in the range [0:5; 2] and we xed yL4 = 0, minimizing the mixing between the
SM states and the composite resonances. Notice that the dependence on yL4 is in any case
quite limited, given that the leading single production coupling is independent of yL4 (see
eq. (2.12)). One can see from the numerical results that the single production cross section
in the 14+1 model is typically one order of magnitude larger than the benchmark VLQ one.
2.2 Light singlet
We can now discuss the scenario in which the only light top partner is an SO(5) singlet
 1. The leading operators in the eective Lagrangian can be written as
L = iqL =DqL + itR =DtR + i 1( =D + i=e) 1  m1 1 1
+
yLt
2
f(U tq14L U)55tR +
yL1
2
f(U tq14L U)55 1 + h:c:

: (2.17)
In this scenario the top mass, at leading order in the v=f expansion, is simply given by
m2top =
1
2
y2Ltf
2 : (2.18)
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Figure 4. Comparison between the production cross sections of the exotic X5=3 state in the 14 + 1
model and in the VLQ scenarios. The left and right panels show the production cross sections at
8 TeV and 13 TeV respectively. The green band correspond to the single production channel for a
top partner with yL4 = 0 and ct 2 [0:5; 1]. The black line shows the single production cross section
for a VLQ with mixing angle sin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Figure 5. Exclusions for the 14 + 1 model with only a light composite singlet. On the left panel:
bounds obtained from the 8 TeV LHC data. On the right panel: estimates of the exclusions for the
13 TeV LHC with L = 20 fb 1 (dark green) and L = 100 fb 1 (light green) integrated luminosity.
The results are presented in the (meT ; yR1) plane for  = 0:1. The striped region corresponds to the
points with Vtb  0:1; the corresponding bound for Vtb  0:05 is shown by the dotted lines. The
dashed lines show the estimate of the amount of tuning obtained by using eq. (2.22).
Obviously, the spectrum of the composite states includes only a light singlet, which,
following the standard notation, we denote by eT . Its mass is given by
meT ' m1

1 +
y2L1f
2
4m21
 +   

: (2.19)
Let us now consider the LHC bounds. In the present set-up there is only one free
parameter, yL1, while yLt is xed by the top mass. The exclusions from the 8 TeV LHC
data and an estimate of the reach for a 13 TeV run are shown in gure 5.
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In this set-up the single production coupling is strongly correlated to the value of the
yL1 mixing
geTbL = g2c eTWL =
g
2
yL1
v
meT ; (2.20)
geTtL = g2c eTZL =  
1p
2cw
g
2
yL1
v
meT : (2.21)
As one can see from the plots, for small yL1 the exclusion bounds are independent of the
value of the elementary/composite mixing since they are driven by QCD pair production.
The current exclusions are around meT ' 800 GeV and will reach meT ' 1:4 TeV at the
13 TeV LHC with L = 100 fb 1 integrated luminosity. For larger values of yL1, yL1 & 1, the
bounds from single production instead become competitive. In this region of the parameter
space masses meT ' 1 TeV can already be excluded and the bounds could reach meT ' 2 TeV
at the run 2 LHC.
The amount of tuning in this scenario can be estimated as
 ' (y2L1 + y2Lt)
 meT
450 GeV
2
: (2.22)
The explicit result show that regions with minimal tuning (  1=  10 ) will still be
allowed at LHC run 2 with L = 100 fb 1. They will be presumably completely tested with
the high-luminosity LHC upgrade, pushing the level of tuning to the limit  & 20.
An interesting complementary bound on the parameter space of the light-singlet sce-
nario comes from the measurement on the Vtb element of the CKM matrix. If this scenario,
the single production coupling of the composite singlet is tightly correlated to the deviations
in the tL =WbL coupling [2]
geTbL = g
q
Vtb   V 2tb=2 ; (2.23)
where Vtb = 1   jVtbj. This relation implies that sizable values of the single production
coupling are necessarily accompanied by large corrections in Vtb. The current experimental
measurements constrain Vtb to the range jVtbj = 1:0210:032 [55]. Taking into account the
fact that in the present set-up jVtbj  1, the experimental bound implies geTbL  0:21 g at
the 2 level. Obviously, if additional relatively light resonances are present, the relation in
eq. (2.23) may be modied and larger values of geTbL could be compatible with suciently
small deviations in Vtb. We will discuss such a possibility in section 4. This however would
probably require a certain degree of additional tuning. From the exclusion plots in gure 5,
it can be seen that the constraints from the Vtb measurements (Vtb . 0:05) exclude the
region in which single production can contribute to the direct bounds. The situation will
change with the run 2 LHC, for which, in the absence of signicant improvements in the
Vtb measurements, the bounds coming from Vtb will be signicantly weaker than the direct
searches in single production.
3 Double tuning: 5 + 5
The second class of models we consider is the one that contains the \double tuning" sce-
narios. As a representative model we consider the 5+5 set-up, in which the qL doublet and
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the tR singlet are realized as elementary states mixed to composite operators transforming
in the fundamental, the 5, representation of SO(5). Under the unbroken SO(4) subgroup
the 5 representation decomposes as
5 = 4 1 ; (3.1)
thus the top partners can belong to the fourplet or singlet SO(4) representation. As we did
for the 14+1 model, in this section we focus on two simplied limits of the 5+5 scenario in
which only one multiplet of top partners is light. An analysis of a more complete scenario
including at the same time both multiplets will be presented in section 4.
3.1 Light fourplet
The eective Lagrangian describing the 5 + 5 model with a light fourplet is given by
L = iqL =DqL+itR =DtR+i 4( =D i=e) 4 m4 4 4+

yL4f(q
5
LU)i 
i
4 + yR4f(t
5
RU)i 
i
4 + h:c:

:
(3.2)
In the above equation q5L and t
5
R denote the embedding of the elementary elds in the
fundamental SO(5) representation, namely
q5L =
1p
2
0BBBBB@
 ibL
 bL
 itL
tL
0
1CCCCCA ; t5R =
0BBBBB@
0
0
0
0
tR
1CCCCCA : (3.3)
The top mass at leading order in v=f is given by
m2top =
1
2
y2L4y
2
R4f
4
m24 + y
2
L4f
2
 ; (3.4)
while the masses of the heavy charge-2=3 fermionic resonances are
mX2=3 = m4

1 +
y2R4f
2
4m24
 +   

; (3.5)
mT =
q
m24 + y
2
L4f
2

1  (y
2
L4   y2R4)f2
4m24
 +   

: (3.6)
Let us now consider the charge  1=3 states. In our model we did not include a right-
handed bottom component, therefore the bL remains in the spectrum as a massless eld.
In addition to the bL, the model contains also a heavy B whose mass is given by
mB =
q
m24 + y
2
L4f
2 : (3.7)
Finally the exotic X5=3 state does not mix with any other resonance and has a mass
mX5=3 = m4, which does not receive any shift after EWSB.
The spectrum of the composite resonances resembles quite closely the one we found in
the 14 + 1 model (see gure 1). It consists in two approximate SU(2)L doublets, the (T;B)
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Figure 6. Typical mass spectrum of the quadruplet states in the 5 + 5 model.
and the (X5=3; X2=3), separated by a mass splitting of order m
2  y2L4f2. The splitting
inside each doublet is instead much smaller, of order m2  y2v2, where y collectively
denotes the elementary/composite mixings. The only dierence with respect to the 14 + 1
model is the fact that the two states in the (X5=3; X2=3) doublet are not fully degenerate,
but instead are split by EWSB eects. The structure of the mass spectrum is schematically
shown in gure 6.
The Lagrangian in eq. (3.2) has only three free parameters, namely the elemen-
tary/composite mixings, yL4 and yR4, and the mass of the 4-plet, m4. By requiring the
correct top mass to be reproduced we can x one of the parameters, which we conveniently
chose to be the right-handed mixing yR4. The experimental constraints can thus be pre-
sented as exclusions in the (mX5=3 ; yL4) plane. The current bounds from the 8 TeV LHC
data are shown in gure 7. The constraints are weaker for large values of the left-handed
elementary/composite mixing (yL4 & 1), where masses mX5=3 below 800 GeV are fully
excluded. At smaller values of yL4 the exclusions become stronger and can reach up to
mX5=3 ' 950 GeV. The increase in the bounds comes from two simultaneous eects: the
contributions of the B state and the single production of the X5=3 resonance. The latter
eect is the main one and determines almost completely the enhancement in the bounds.
The relevant single-production coupling is approximately given by
gX5=3tR =
g
2
c
X5=3W
R '  
g
2
v
f
f
mX5=3
yR4 '  g
2
v
f
f
mX5=3
ytop
q
m2X5=3=f
2 + y2L4
yL4
: (3.8)
The dependence on yL4 in the last equality explains why single production is more relevant
for small left-handed elementary/composite mixing. The eects due to the B resonance is
analogous to what we discussed in the 14 + 1 model with a light 4-plet. At small values of
yL4 the mass split between the X5=3 and the B decreases (see eq. (3.7)), thus the production
cross section of the two resonances becomes comparable.
Similar eects are present in the estimates for the exclusions at the 13 TeV LHC. In
this case, as shown in gure 8, the high-luminosity LHC program should be able to probe
masses up to mX5=3  2  3 TeV.
The tuning estimate in the 5 + 5 model follows a slightly dierent pattern than in the
14 + 1 case. In the present set-up, indeed, the Higgs potential receives contributions from
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Figure 7. Exclusion plot for the 5 + 5 model with only a light composite 4-plet for the 8 TeV
LHC data in the (mX5=3 ; yL4) plane. The green region shows the excluded points for  = 0:1. The
shaded gray area is not theoretically allowed since the correct top mass can not be reproduced. The
dashed contours show the amount of tuning  estimated by using eq. (3.9).
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Figure 8. Estimated exclusion on the 5 + 5 model with only a composite 4-plet for the 13 TeV
LHC run. The results are shown in the (mX5=3 ; yL4) plane for the choice  = 0:1. On the left
panel, the green area shows the excluded region for L = 20 fb 1 integrated luminosity under the
assumption that the signal eciency of single production processes is 50% of to the pair production
one, es:p: = 0:5 ep:p:. On the right panel the green areas show the expected exclusions for L =
100; 300; 3000 fb 1 integrated luminosity (assuming es:p: = 0:5 ep:p:). The dotted contours denote
the regions with  (X5=3)=mX5=3 = 0:3; 0:5. On both panels the dashed contours show the amount
of tuning  estimated by using eq. (3.9).
the left-handed and the right-handed elementary/composite mixings, since both mixings
break the Goldstone symmetry. The amount of tuning can thus be estimated as10
 ' max(y2L4; y2R4)

mX5=3
450 GeV
2
: (3.9)
The results in gure 7 show that congurations with minimal amount of tuning  
1=  10 are still compatible with the 8 TeV LHC data. The high-luminosity LHC program,
on the other hand, could be able to fully exclude the parameter space region with  . 50.
10Notice that in the tuning estimate we did not sum the contributions from the left-handed and right-
handed mixings. This slightly more conservative choice is motivated by the fact that in explicit models the
dependence on the mixings factorizes at leading order and the cancellation comes form a tuning between
the values of the two parameters [47, 56].
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Figure 9. Exclusion plot for the 5 + 5 model with only a composite singlet with  = 0:1 The
left panel shows the bounds for the 8 TeV LHC data, while the right panel shows an estimate of
the constraints from the 13 TeV LHC run with L = 20; 100 fb 1 integrated luminosity. The green
region shows the excluded points in the (meT ; yR1) plane. The shaded gray area is not theoretically
allowed. The striped region corresponds to the points with Vtb  0:1, while the corresponding
bound for Vtb  0:05 is denoted by the dotted gray line. The dashed contours show the amount
of tuning  estimated by using eq. (3.14).
3.2 Light singlet
As a second scenario in the class of \double tuning" models, we consider the 5 + 5 set-up
with only a light singlet. The eective Lagrangian describing this model is
L = iqL =DqL + itR =DtR + i 1 =D 1  m1 1 1 +

yL1f(q
5
LU)5 1 + yR1f(t
5
RU)5 1 + h:c:

:
(3.10)
Analogously to the case with a light 4-plet, the eective Lagrangian contains only 3 free
parameters, namely yL1, yR1 and m1. One of the parameters can be xed by requiring the
correct value for the top mass, whose approximate expression, at leading order in v=f , is
given by
m2top =
1
2
y2R1y
2
L1f
4
m21 + y
2
R1f
2
 : (3.11)
The mass of the composite resonance eT is instead given by
meT =
q
m21 + y
2
R1f
2

1 +
(y2L1   2y2R1)f2
4m21
 +   

: (3.12)
The current bounds from the 8 TeV LHC data and an estimate of the exclusions in the
13 TeV run are shown in gure 9. Pair production leads to the strongest bounds for large
values of yR1 (yR1 & 0:6   1). Single production becomes competitive at smaller values
of the right-handed elementary/composite mixing due to the enhancement of the W eTRbL
coupling:
geTbL = g2c eTWL '
g
2
v
f
fyL1m1
m21 + y
2
R1f
2
' g
2
v
f
m1q
m21 + y
2
R1f
2
ytop
yR1
: (3.13)
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Analogously to the case with a light 4-plet, we can estimate the amount of tuning by
the formula
 ' max  y2R1; y2L1 meT
450 GeV2
2
: (3.14)
As in the other simplied models we considered, congurations with small tuning  ' 10
are still compatible with the present LHC data. The run 2 LHC with integrated luminosity
L ' 100 fb 1 could completely cover the parameter space region with  . 20.
In addition to the direct exclusions coming from the LHC searches, complementary
bounds on the parameter space can be derived from the measurement of the Vtb matrix
element. In complete analogy to what we discussed in the 14 + 1 model, the eT single
production coupling and the deviations in the Vtb matrix element are related by eq. (2.23).
From the left panel in gure 9, one can see that, in the case of the 8 TeV LHC data, the
parameter space region where single production leads to a signicant bound (yR1 . 0:6) is
already excluded by the current bounds Vtb . 0:05. In the run 2 LHC, on the other hand,
single production could probe some regions of the parameter space which are not covered
by the present Vtb measurements (right panel of gure 9).
4 The two-site model
As a last scenario we consider the 2-site construction proposed in refs. [47, 56].11 This
set-up includes an extended set of global symmetries that stabilize the Higgs potential
through a collective breaking mechanism. In the following for deniteness we will focus on
a 2-site realization in which the qL doublet and the tR singlet are realized as elementary
states and are coupled to resonances in the fundamental SO(5) representation. We will
call this scenario the \5 + 5 2-site model". This set-up is analogous to a \deconstructed"
version of the MCHM5 scenario [24].
As shown in ref. [47] (see also ref. [2] for a more detailed discussion), the collective
breaking structure ensures a partial calculability for the Higgs potential. In particular this
allows, once we x the value of , to extract the value of the Higgs mass as a function of
the parameters of the model (namely the resonance masses and the elementary/composite
mixings).
The Lagrangian for the 5+5 2-site model can be mapped onto the 5+5 eective models
described in section 3 and contains one layer of composite resonances that transform as a
4-plet and a singlet of SO(4). The complete Lagrangian includes the terms in eqs. (3.2)
and (3.10), namely
L = iqL =DqL + itR =DtR + i 4( =D   i=e) 4 + i 1 =D 1  m4 4 4  m1 1 1
+yLfq
5
LU	 + yRft
5
RU	 + h:c: ; (4.1)
11For analogous constructions see also ref. [57].
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together with an additional interaction involving the composite partners12
Lcomp =  ic i4di 1 + h:c: : (4.2)
In eq. (4.1) we denoted by 	 the SO(5) 5-plet built from the  4 and  1 elds. Notice
that, as required by the collective structure assumption, the elementary/composite mix-
ings involving the  4 and  1 resonances are not independent parameters as in eqs. (3.2)
and (3.10), but instead they are related, yL4 = yL1  yL and yR4 = yR1  yR.
The number of free parameters can be reduced by xing the top and the Higgs mass.
An approximate expression for the top mass is given by
m2top =
1
2
y2Ly
2
Rf
4(m4  m1)2
(m24 + y
2
Lf
2)(m21 + y
2
Rf
2)
 : (4.3)
The Higgs mass, on the other hand, as shown in ref. [47] (see also refs. [58, 59]), is simply
related to the masses of the singlet (meT ) and of the T resonance inside the 4-plet (mT ):
mh ' mtop
p
2Nc

mTmeT
f
s
log(mT =meT )
m2T  m2eT ; (4.4)
where Nc = 3 is the number of QCD colors. This relation is valid with good accuracy even
if the eects of other layers of resonances are taken into account, the typical corrections
being of order 20   30%. To take these eects into account we assume that eq. (4.4)
is veried with 20% accuracy and we associate to each point in our exclusion plots the
\ensemble" of congurations compatible with the 20% uncertainty. We consider one point
excluded only if all the congurations in the corresponding ensemble are excluded. Using
the two constraints mentioned above, we are left with three free parameters, which can be
conveniently identied with the mass of the exotic resonance X5=3 (that coincides with the
m4 parameter), the left mixing angle L (related to the left mixing by tan L = yLf=m4)
and the coecient of the d-symbol interaction, c. For each pair (mX5=3 ; L) which allows
to get the correct top and Higgs mass, two solutions for m1 and yR are found. In order to
represent the whole parameter space on two dimensional plots, we assign the two solutions
to two distinct sets, which we denote by \Region I" and \Region II".
Before analyzing the LHC bounds, it is interesting to discuss two preliminary aspects,
namely the estimate of the tuning and the connection between the single-production cou-
plings and the deviations in Vtb.
As we briey mentioned before, the collective symmetry breaking structure of the 2-
site models ensures that the potential does not develop a quadratic divergence as would be
the case in a generic CCWZ construction. This fact tells us that the top partners included
in the 2-site description are the ones responsible for cancelling the quadratic divergence
12This additional term was not included in the original constructions of refs. [47, 56]. This choice was
guided by minimality and by an analogy with extra-dimensional realizations of the composite Higgs idea.
The term, however, is allowed by the symmetry structure and, as we will see in the following, can have
some phenomenological impact, so we include it in the present study.
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Figure 10. Relation between the T and eT resonances masses in the 5 + 5 2-site model for dierent
values of . The curves are obtained by using eq. (4.4).
and thus they x the size of the leading contributions to the Higgs mass. We can use this
information to nd a more reliable formula for the amount of tuning
 ' max(y2L; y2R)

M
450 GeV
2
; (4.5)
where we denoted by M the largest composite mass parameter, namely M =
max(jm4j; jm1j). The choice of taking the maximum between the two elementary/composite
mixings is now fully justied since the leading term in the potential has the structure [2, 47]
Vy2 
Nc
162
M2f2

y2L
2
  y2R

 ; (4.6)
so that the cancellation mainly takes place by balancing the left-handed and right-handed
contributions. The choice of using the maximum between the two composite mass parame-
ters is instead justied by the fact that the whole set of resonances  4 and  1 is responsible
for cancelling the quadratic divergence, which is still present if only one SO(4) multiplet is
light.
Looking at the relation between the Higgs mass and the masses of the composite
resonances in eq. (4.4) we can get a further insight on the amount of tuning. In order to
reproduce the correct Higgs mass, the T and eT masses must lie on some approximately
hyperbolic curves as shown in gure 10. This means that the overall mass scale of the
resonances, and thus the amount of tuning, is minimized when both the 4-plet and the
singlet have similar masses, namely
mT  meT  p3
mh
mtop
f ' 350 GeVp

: (4.7)
This expectation is conrmed by the numerical results as we will see in the following.
A second aspect that is worth discussing is the relation between the single production
coupling of the eT singlet and the deviations in the Vtb CKM matrix element. We already
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saw that in the simplied scenarios with only a light singlet a tight relation exists between
these two quantities (see eq. (2.23)). This relation is a consequence of the fact that in those
set-ups the W eTbL vertex originated exclusively from the WtLbL vertex after the rotation
to the mass eigenstate basis [2]. The situation is slightly dierent in the 5 + 5 2-site model.
In this case an additional contribution to the W eTbL vertex comes from the d-symbol
interaction in eq. (4.2) since the  4 multiplet is mixed with the bL eld. A further eect
comes from the mixing of the bL eld with the  4 multiplet, which determines a correction
to Vtb. The relation in eq. (2.23) is replaced by the following formula valid at leading order
in the v=f expansion
g2eTbL = g
2
2
(1  jVtbj2) + 2c
2   1
4
 g2 sin2 L : (4.8)
We checked that this relation is in very good agreement with the numerical results.
We can now discuss the present and expected future bounds on the 2-site model coming
from the LHC searches. Since this model contains resonances in the 4-plet and singlet
representation of SO(4), the parameter space can be constrained by using both the searches
for the exotic X5=3 state and the ones for charge-2=3 resonances. As we explained before,
due to the relation between the Higgs mass and the mass of the top partners in eq. (4.4),
if one SO(4) multiplet is heavy, the other must necessarily be light and is the one which
determines the exclusions in this part of the parameter space. When the 4-plet is light the
X5=3 is always among the lightest states. Due to level repulsion eects, if the singlet eT is
relatively close in mass to the 4-plet, the lightest state can be the X2=3 and not the X5=3.
However, even in these regions of the parameter space the strongest bounds usually come
from the X5=3 searches.
The present exclusions for  = 0:1 are shown in gure 11 in the plane (mX5=3 ; sinL)
for the choice c = 0. The current LHC data can already exclude a non-negligible part of the
parameter space, although congurations with minimal amount of tuning are still allowed.
It is interesting to notice that, if we only rely on pair production, the bounds become quite
mild, basically disappearing in the regions with a light singlet and a heavy 4-plet (mX5=3 &
1 TeV). The drastic change in the bounds coming from the inclusion of single production
can be understood as follows. In the congurations with a light singlet, the mass of the eT
resonance depends only mildly on the mX5=3 parameter (see gure 10) and is slightly above
the current pair-production bound. The mild increase in the bound coming from single
production searches (of order 200 GeV) is thus enough to exclude all these congurations.
It must be stressed that the single-production bound strongly depends on the W eTbL
coupling. As a consequence, it is sensitive to the value of the c parameter. The change in
the bounds for dierent values of c, namely c = 0; 1; 1, is shown in gure 12. From the
explicit results one can see that the impact of an order one variation in c can signicantly
aect the exclusion bounds. It must be noticed, however, that the direct bounds coming
from single (and pair) production in the congurations with a light singlet are currently
barely competitive with the indirect ones coming from the measurement of the Vtb CKM
element. The 95% exclusion contours, corresponding to Vtb = 0:043 are shown by the red
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Figure 11. Exclusion bounds in the 2-site model with  = 0:1 and c = 0 for the 8 TeV LHC
data. The left (right) panel corresponds to the Region I (Region II) of the parameter space.
The blue and green region are excluded by the searches for the exotic X5=3 and the charge-2=3
resonances respectively. The darker green region shows the exclusions on the charge-2=3 states if
only pair production is taken into account, while the estimates of additional constraints from single
production are shown by the light green area. The dashed contours show the amount of tuning 
estimated by using eq. (4.5).
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Figure 12. Exclusion bounds in the 2-site model with  = 0:1 coming from the 8 TeV LHC data
for dierent values of c = 0; 1; 1. The green regions show the bounds coming from the direct
searches, while the red contours show the 95% CL constraints coming from the Vtb measurement.
contours in gure 12. At the next LHC runs, on the other hand, the improvement in the
direct searches will make the corresponding exclusions stronger than the indirect ones.
As shown in gure 13, the 13 TeV LHC run with L = 20 fb 1 will be enough to cover
almost completely the  = 0:1 parameter space. In this case single production does not
give a signicant improvement in the bounds for c = 0. It can be checked that a mild
improvement is instead expected for c = 1.
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Figure 13. Expected exclusion bounds in the 2-site model with  = 0:1 and c = 0 for the 13 TeV
LHC run with L = 20 fb 1 integrated luminosity. For further details see caption of gure 11.
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Figure 14. Expected exclusion bounds in the 2-site model with  = 0:05 and c = 0 for the 13 TeV
LHC data with L = 100 fb 1 integrated luminosity. For further details see caption of gure 11.
The expected 13 TeV LHC exclusion on the congurations with  = 0:05 and c = 0 is
presented in gure 14. As for the  = 0:1 case, the addition of single-production searches
for the charge-2=3 states can signicantly improve the bounds, especially at relatively low
integrated luminosity. For this value of , a signicant part of the parameter space will still
be allowed with L = 100 fb 1 integrated luminosity, including congurations with minimal
tuning   1=  20.
Finally in gure 15 we show the maximal value of the mass of the lightest top partner
as a function of . This plot allows to translate the direct exclusion bounds into an upper
bound on . The current and expected future pair production exclusions (denoted by the
gray bands in the gure) show that at the end of the LHC program congurations with
 . 0:05 will be completely probed.
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Figure 15. Maximal value of the mass of the lightest fermionic partner in the 5 + 5 2-site model
as a function of f . The red band is obtained by assuming that the relation in eq. (4.4) is valid with
20% accuracy. The gray bands correspond to the present and expected universal bounds coming
from pair production searches.
5 Conclusions
In this paper we introduced and analyzed some benchmark models for top partners in
an eective eld theory description of the composite Higgs scenarios, with the aim of
visualizing in a concrete context the impact of the current exclusions and the expected
reach of future searches. We considered four simplied models in which only one light
SO(4) multiplet of composite resonances is present, whereas other composite states, namely
additional scalars and vector elds, are assumed to be suciently heavy so that they have
a small impact on the collider phenomenology of the top partners.13 The structure of
the models is completely determined by the quantum numbers of the composite multiplet
and does not rely on any extra assumption. They are thus representative of a wide class
of explicit models. In addition we also analyzed a more complete 2-site set-up in which,
thanks to a collective breaking mechanism, the Higgs potential is partially calculable, thus
providing a link between the masses of the composite resonances, the Higgs mass and .
The present bounds from the 8 TeV LHC data mainly come from the QCD pair
production channel and imply an absolute lower bound on the mass of top partners
M	 & 800 GeV. The inclusion of single production can slightly improve the bound raising
it to M	 & 1 TeV. It must be noticed that, in the case of SO(4) singlet resonances, the size
of the single production coupling is strongly related to the size of the deviations in the Vtb
CKM matrix element. The region of the parameter space with sizable single production
can thus be also indirectly constrained from the measurements of Vtb. At present the indi-
rect constraints are dominant with respect to the direct LHC single production searches.
In the 13 TeV LHC run, instead, direct searches are expected to have a better reach than
13Models of this kind can be easily realized within holographic extra-dimensional scenarios [11, 24, 60].
In simple UV completions in terms of weakly coupled constituents there could however be some diculties
in obtaining this kind of spectrum (see for instance ref. [61, 62]).
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indirect probes. The 8 TeV LHC bounds do not put a strong Naturalness pressure on the
eective models, since congurations with small tuning   10 are still allowed.
In the case of no new-physics signal, the 13 TeV LHC run is expected to substantially
improve the bounds. The universal constraint from pair production will exceed the M	 '
1 TeV level in the rst run 2 phase (with an integrated luminosity L ' 20 fb 1) and
could probe masses up to M	 ' 2 TeV at the end of the high-luminosity phase. Single
production will also have a signicant impact on the exclusions allowing to test resonances
with masses in the M	  3 TeV range. In the light SO(4) fourplet scenario, congurations
with small tuning  . 10 will be completely tested with L  20 fb 1 integrated luminosity.
Comparable exclusions for a light singlet will instead require L  100 fb 1. The end of the
LHC program, on the other hand, is expected to push the lower bound on the tuning to
the   20  50 region.
Similar conclusions are found in the 2-site scenario. In this case the bound on the
resonance masses can be translated into a lower bound on . At present a sizable part of the
parameter space with  = 0:1 is still allowed, including, in particular, congurations with
minimal tuning   1= = 10. All these congurations will be probed at the 13 TeV run
with L  20 fb 1. The high-luminosity LHC run will instead cover all the congurations
with  & 0:05, implying a minimal amount of tuning  & 20.
In short, our conclusion is that current limits from the negative searches of top partners
are not strong enough to put the idea of a reasonably \Natural" composite Higgs in trouble.
Parameter space regions with  . 10 are allowed in all models and this level of tuning is
comparable with the one that is implied, in a rather model-independent way, by the present
bounds from Higgs coupling measurements. However while the latter is not expected to
improve signicantly in the next few years, top partners direct searches will enormously
extend their reach with the 13 TeV LHC run. We saw that a limited luminosity at 13 TeV,
from around 20 fb 1 in the most favorable cases to around 100 fb 1 in the less favorable
ones, will be sucient to probe levels of tuning deep in the  > 10 region. If no signicant
excess will be seen, top partners direct searches will soon be singled out as the strongest
bounds on the composite Higgs scenario.
If this will be the case, asking if and how plausibly (i.e., at what price in terms of
model-building complication) the bound on  from negative top partners searches could be
eluded will become a relevant question. This could occur either if the top partners are light
but evade the bounds because they are hard to detect (see ref. [63] for a recent attempt),
or if they are heavy but their mass, contrary to the generic expectation outlined in the
Introduction, is not directly linked to the level of tuning of the theory. We do have examples
of composite Higgs constructions, based on the so-called \Twin Higgs" mechanism [64, 65],
in which the latter option is realized [66{68]. Searching for alternatives to the twin Higgs
mechanism, identifying the possible microscopic origin of the twin Higgs symmetry and of
its breaking and studying the phenomenological manifestation of these scenarios [69], aside
from heavy QCD- and EW-charged resonances beyond the reach of the LHC, are topics
that will be worth exploring.
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A Derivation of the bounds
In this appendix we briey summarize the procedure used to derive the limits on the
resonance messes. For this task we recast the results of ref. [46], with only minor dierences
due to the use of the latest LHC data. The searches for exotic X5=3 resonances and for
charge 2=3 states are based on dierent decay channels, thus require slightly dierent
approaches. We will consider them separately in the following.
As a rst case we consider the searches for the exotic X5=3 states. The conservation of
the electric charge forces this resonance to decay exclusively through the channel X5=3 !
Wt. Being part of an SO(4) 4-plet, the X5=3 resonance has a leading coupling only to the tR
component, while the coupling with the tL is generated only after EW symmetry breaking
and is thus suppressed by additional v=f factors. The run 1 LHC searches exploit the pair
production channel and are mainly focused on nal states with a pair of same-sign leptons.
Currently the strongest bound mX5=3 > 880 GeV can be inferred from the CMS search in
ref. [70]. Although this search is focused on pair-produced fermionic resonances with charge
 1=3, it is expected to apply also for the X5=3 state since both resonances lead to the same
nal states with somewhat similar kinematics (see ref. [27] for a more detailed discussion).
For our purposes, however, the CMS analysis of ref. [70] is too complex to be recast, since
it combines several nal states (the most relevant being same-sign dileptons, leptons plus
jets and multileptons) and relies on kinematic distributions. A simpler search strategy,
based on a cut-and-count analysis in same-sign lepton nal states, was instead used in
some previous experimental works by CMS [71] and ATLAS [72] achieving an exclusion
limit mX5=3 > 770 GeV.
14 These analyses can be more easily recast for our purposes as
done in ref. [46]. In particular the recast allows to straightforwardly take into account the
additional signal contributions coming from single production of the exotic X5=3 resonance
and from pair production of the B partner.15
To estimate the future exclusion reach we instead started from the analysis of ref. [74],
which performs a study of the X5=3 searches in the dilepton channel at the 14 TeV LHC. In
this case the single production contribution to the signal has been estimated by assuming
a reconstruction eciency equal to 50% of the pair production one. This assumption is
14Notice that this limit is similar to the one obtained in the recent CMS analysis by using exclusively the
same-sign dilepton channel, as can be seen from gure 11 of ref. [70].
15An alternative search strategy for the X5=3 and B resonances, which also focuses on the single production
channels, has been presented in ref. [73].
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supported by the fact that the current ATLAS search in ref. [72] shows a similar relation
between single and pair production eciency [46].
The exclusion bounds from our recast are summarized in gure 3, 4 and 10 of ref. [46]
and show how the limits depend on the main single production coupling WX5=3tR. We
used these results to derive the bounds discussed in the main text.
Let us now discuss the analysis for the charge 2=3 resonances. The current experimental
exclusions obtained by the ATLAS [75] and CMS [76] collaborations are only based on
the pair production channel and are reported as a function of the three branching ratios
BR( eT ! Wb), BR( eT ! Zt) and BR( eT ! ht). The strongest exclusions come from the
ATLAS analysis and range between 730 GeV and 950 GeV. In particular for a singlet
resonance (BR( eT ! Wb) ' 2BR( eT ! Zt) ' 2BR( eT ! ht) ' 1=2) the current bound is
meT > 790 GeV and is roughly comparable with the present bound on the X5=3 states.
The experimental analyses can not be easily adapted to the single-production channels
and no estimate of its impact on the exclusions has been presented so far by the experi-
mental collaborations.16 A few theoretical analyses are however present in the literature.
They mostly focus on single decay channels, namely eT ! Zt [78, 79], eT ! ht [80, 81] andeT !Wb [82{84], with the exception of ref. [85] which considers a combination of eT !Wb
and eT ! ht.
Following ref. [46], for our analysis we performed a simple recast of the search in the
Wb channel proposed in ref. [82]. The 8 TeV limits have been straightforwardly adapted
by reconstructing the number of signal events required for the exclusion (Sexc = 26) and
the cut eciency. The extension to the 13 TeV case, instead, has been done by naively
assuming that Sexc and the cut eciency are the same as the ones at 8 TeV.
The results we obtained for the run 1 LHC exclusions are in fair agreement with
the limits derived in ref. [85], which also exploits the Wb channel. Some discrepancy is
instead present in the comparison with ref. [84], whose bounds on the W eTbL coupling as
a function of the eT mass are roughly a factor 2 weaker. The bounds coming from the
Zt and ht channels, on the other hand, seem consistently weaker than the ones from the
Wb channel, although a signicant spread in the results (especially for large eT masses) is
present among the various estimates.
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